Highest-energy cosmic rays from Fermi-degenerate relic neutrinos consistent with 

Super-Kamiokande results 
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Relic neutrinos with mass 0.07^qq4 eV, in the range consistent with Super-Kamiokande data, can 
explain the cosmic rays with energies in excess of the Greisen-Zatsepin-Kuzmin cutoff. The spectrum 
of ultra-high energy cosmic rays produced in this fashion has some distinctive features that may 
help identify their origin. Our mechanism does not require but is consistent with a neutrino density 
high enough to be a new kind of hot dark matter. 
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The observation of atmospheric neutrino oscillations at 
Super-Kamiokande has provided a strong evidence that 
at least one of the neutrino species has mass greater than 
m^^ = V&m? — 0.071q'q4 eV. It seems plausible that 
at least one of the neutrino masses is actually in this 
range, as would be the case if the neutrino masses were 
hierarchical. Of course, an alternative possibility, that 
some neutrino masses are nearly degenerate and larger 
than \/5m^, is also consistent with the current data. In 
this paper we will concentrate on the former case. 

If one of the lepton asymmetries of the Universe Li = 
(riy. — nj^.)/s is of order one \^}^, the neutrinos with 
masses to^^ can make a significant contribution to the 
energy content of the Universe js). (Here and below, 
rix denotes the number density of the x-species, and 
s = 1.80gs*n^ is the entropy density.) This possibil- 
ity, frequently discounted in contemporary cosmology, 
can arise naturally if the Universe underwent an Affleck- 
Dine baryo- and leptogenesis |6) at the end of a relatively 
low-scale inflation. Lepton asymmetries can also be gen- 
erated in neutrino oscillations m after the electroweak 
phase transition, but we do not know whether an asym- 
metry of order one can arise in this fashion. 

We will show that ultra-high energy cosmic rays with 
interesting new features can be produced in the presence 
of such background neutrinos. 

The cosmic rays with energies beyond the Greisen- 
Zatsepin-Kuzmin (GZK) cutoff 1^ present a challenging 
outstanding puzzle in astroparticle physics and cosmol- 
ogy HJlQl- The protons with energies above 5 x 10^^ eV 
could not reach Earth from a distance beyond 50 - 100 
Mpc ua because they scatter off the cosmic microwave 
background photons with a resonant photoproduction of 
pions: fr/ —> A* —^ Ntt. The mean free path for this 
reaction is only 6 Mpc. The photons of comparable en- 
ergies pair-produce electrons and positrons on the radio 
background and, likewise, cannot reach Earth from be- 
yond 10 to 40 Mpc [Ol. This creates a problem because 
the closest astrophysical objects that could produce such 
energetic particles, active galactic nuclei (AGN), are at 



least hundreds of megaparsecs away. 

Several solutions have been proposed for the origin of 
these ultra- high energy cosmic rays (UHECR) . For exam- 
ple, they could be produced in the decay of some ubiq- 
uitous hypothetical heavy particles ||l^, topological de- 
fects iQ, or light neutral supersymmetric hadrons [ p5[ ; 
or they could also hint at exotic interactions ||l6|. A 
more conservative and economical scenario involves relic 
neutrinos. It has been suggested Ijl^l that distant AGN's 
can produce high-energy neutrinos whose annihilation on 
the relic neutrinos in the galactic halo at y/s « M^ can 
produce the protons with energies above the GZK cut- 
off. In the absence of lepton asymmetry, the background 
neutrino density would not be sufficient to generate the 
necessary flux of UHECR if it were not for the clustering 
of neutrinos in the galactic halo. The latter helps. How- 
ever, the required total energy carried by the high-energy 
neutrinos is uncomfortably close to the total luminosity 
of the Universe iQ . 

If neutrinos with mass m^^ carry a large lepton asym- 
metry, the above scenario is aided in several ways. First, 
the density n^, of the Fermi-degenerate light neutrinos 
should be much higher than that considered in Ref . ^^ . 
Therefore, the neutrino annihilations in the entire volume 
~ (50 Mpc)^ contribute to the observed UHECR. Second, 
the probability for the neutrinos emitted at distances of 
the order of the inverse Hubble constant, ^ H^^, to de- 
cay within 50 Mpc of the observer is maximal when the 
mean free path A = l/{<Jannni^) is comparable to H~^. 
We will see that this condition, A ~ H~^, is satisfied 
automatically for rrii, measured by Super-Kamiokande if 
rijyft.^ ~ 0.01. As a result of an increased background neu- 
trino density and the increase in annihilation probability 
in our neighborhood, the total energy of the energetic 
neutrinos is much less than the total luminosity of the 
Universe, in contrast to Refs. |0,n8[. Finally, the pre- 
dicted spectrum of the UHECR peaks at 10^0^21 gy ^^^^ 
has a cutoff at about 10^'^ eV, hence, creating an observ- 
able feature that could help distinguish this mechanism 
from some others. 



As long as the chemical potential of the degenerate 
neutrinos /x is smaller than the neutrino mass, the neu- 
trinos are non-relativistic. Therefore, the neutrinos with 
mass m^jj are non-relativistic at present if the degener- 
acy parameter ^ = ju/T < 100. We will not come close 
to this upper bound on ^. Therefore, the energy density 
is Pi = m^.n^. and 



r]u ^ — = 3.6 



G.07ey\ /n^h 



0.01 



(1) 



where fi^ = Pi/pc- 

These neutrinos decouple while they are still relativis- 
tic because the decoupling temperature Td increases with 
^ [M, so Td > 1 MeV. Therefore, the present value of i^ is 
determined by the following relation valid for relativistic 
species: 



TmirJ i''«+«" 



0.0252(9.87$ + C^). (2) 



Here we used C(3) = 1.202 and (T^/T^)^ = 4/11. This 
relation is valid as long as Td is lower than the muon mass, 
which translates into the upper bound ^ < 12 |19|. From 
equation (g), 77 — 3.6, as in equation (|l|), corresponds to 
C = 4.6. 

The UHECR are dominated by the resonant neutrino 
annihilations with ^/s « Af^, which corresponds to the 
incoming neutrino energy E^ = M^/2mi, = 0.57 x 
10^"^ eV(TO,y/0.07eV). The annihilation cross section is 
Cann = AttG j^ / \2. The mean free path for a neutrino is, 
therefore, 



= 5.3 



412 cm" 



n 
3.9 /0.65 



X 10^® cm 



H- 



(3) 



The atmospheric neutrino oscillations observed at 
Super-Kamiokande imply that a muon neutrino has a 
large, order one, mixing with either v^ or a sterile neu- 
trino. The mass eigenstate that makes up the Fermi- 
degenerate relic background with mass m^j^ must, there- 
fore, have a muon neutrino component that is not small. 
The astrophysical sources are expected to produce high- 
energy muon neutrinos from the decays of pions. Since 
both the background neutrinos and the high-energy neu- 
trinos from astrophysical sources must have a large muon 
component, there is no significant suppression of the an- 
nihilation cross section due to mixing angles. 

The probability of the neutrino annihilation is max- 
imized when r/y ~ 4, at which point a fraction r = 
(50 Mpc/2.7A) w 5.5 x 10"^ of all neutrinos with en- 
ergies near the Z resonance annihilate within 50 Mpc of 
the observer. According to the data pertaining to the 
momentum distribution of Z decay products pG], these 



neutrino annihilations yield hadrons with an average en- 
ergy 



Ep - 0.025^,, « 1.4 



0.07 eV 



lO^ieV (4) 



and photons (from the decays of tt'^) with a lower average 
energy, 



E^ - 0.0035^,, « 2.0 



0.07 eV 



X lO^^eV. (5) 



Z decays produce on average 2 nucleons and about 9.5 



's, which decay into 19 photons 



Even though the 



photons that reach Earth originate in a smaller volume 
(10-40 Mpc)3 than protons (50-100 Mpc)^, both compo- 
nents should contribute to the UHECR because the mul- 
tiplicity of photons is about 10 times greater than that 
of protons. It may be possible, given enough statistics of 
UHECR, to resolve the two peaks in the distribution of 
cosmic rays: one at lower mean energy, due to photons, 
and another, at higher energies, due to protons. 

The total energy per unit volume in neutrinos with 
energies above 10^^ eV in our case is lower than that 
in Refs. 0,|l§ by a factor 21(r;^/4)(m^/0.07eV). The 
difference with E{> lO^^eV) in equation (5) of Ref. |l|] 
is the increased value of the background neutrino den- 
sity, rriu — rrig^ , and iV^^ ^ 30. This means the 
total power generated in high-energy neutrinos En ~ 
0.5(4/?7i,)(0.07eV/TO^)10^*crgMpc"Vr"^ is well below 
the luminosity of the Universe. 

Bounds on the neutrino degeneracy come from nucle- 
osynthesis [E9|J2^] , as well as structure formation in the 
Universe p2|. A combination of both yields —0.06 ^ 
S,^^ ^ 1.1, 1^^ ^1 ^ 6.9 |19|. In addition, in models with 
large neutrino degeneracy, the baryon density of the Uni- 
verse can be higher than in conventional nucleosynthesis, 
so a larger fraction of the dark matter can be baryonic. 
These bounds are based on the requirement that neutri- 
nos not interfere with galaxy formation. However, it has 
been shown recently 123] that a relativistic degenerate 
neutrino may actually help the formation of structure in 
the Universe. This neutrino may be the addition that 
'standard' cold dark matter (CDM) models need to ac- 
count well for all present data on structure in the Uni- 
verse. In fact, a CDM model with a relativistic relic neu- 
trino background with ^ '-^ 3.4 [g3[ provides a good fit to 
all the data on large-scale structure and anisotropy of the 
cosmic microwave background radiation. These analyses 
do not fully apply to our case because the neutrinos with 
mass m^j^ are non-relativistic at present. Our scenario 
is consistent with large values of Q.^h^ that can make the 
relic degenerate neutrinos an important hot dark matter 
component. Its effects on structure formation and the 
anisotropy of CMBR need to be studied. 

Finally, we would like to address the issue of how the 
large lepton asymmetry could be generated in the early 



Universe, while the baryon asymmetry remains small. 
The coherent Affleck-Dine condensate could have evolved 
differently along the flat directions carrying the baryon 
(_B) and the lepton (L) numbers. The corresponding 
supersymmetry-breaking terms and higher-dimension op- 
erators Q depend on the type of a flat direction and 
need not be the same for the directions with B ^ Q and 
L ^ 0. If the electroweak symmetry was never restored 
after inflation, either because the reheat temperature was 
low, or because the lepton asymmetry was high MM , the 
baryon and lepton asymmetries of the Universe may dif- 
fer by many orders of magnitude. A cold dark matter 
component, called for by the need to form structure, 
could also arise naturally in the low-scale Affleck-Dine 
scenario | p5[ . In this paper we do not assume any par- 
ticular cosmological scenario for generating the relic neu- 
trinos. However, it is reassuring that an economical self- 
consistent cosmological model outlined above can simul- 
taneously produce cold and hot dark matter, the latter 
being the light, Fermi-degenerate neutrinos that carry a 
lepton asymmetry of order one. 

To summarize, we have shown that a cosmic back- 
ground of Fermi-degenerate neutrinos with masses in- 
ferred from the Super-Kamiokande data can explain the 
ultra-high energy cosmic rays above the GZK cutoff. Our 
mechanism does not require but is consistent with a neu- 
trino density high enough to be a new kind of hot dark 
matter. The mechanism predicts ultra-high energy cos- 
mic rays from both protons, peaked at energies 10^^ eV, 
and photons, peaked at 10^° eV. Another prediction is a 
new cutoff at Ml/2m^ = 0.57 x lO^^ eV(m^/0.07eV). 
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